MicroRNA-21 (miR-21) is thought to be an oncomir because it promotes cancer cell proliferation, migration, and survival. miR-21 is also expressed in normal cells, but its physiological role is poorly understood. Recently, it has been found that miR-21 expression is rapidly induced in rodent hepatocytes during liver regeneration after two-thirds partial hepatectomy (2/3 PH). Here, we investigated the function of miR-21 in regenerating mouse hepatocytes by inhibiting it with an antisense oligonucleotide. To maintain normal hepatocyte viability and function, we antagonized the miR-21 surge induced by 2/3 PH while preserving baseline expression. We found that knockdown of miR-21 impaired progression of hepatocytes into S phase of the cell cycle, mainly through a decrease in levels of cyclin D1 protein, but not Ccnd1 mRNA. Mechanistically, we discovered that increased miR-21 expression facilitated cyclin D1 translation in the early phase of liver regeneration by relieving Akt1/mTOR complex 1 signaling (and thus eIF-4F-mediated translation initiation) from suppression by Rhob. Our findings reveal that miR-21 enables rapid hepatocyte proliferation during liver regeneration by accelerating cyclin D1 translation.
Introduction
Evidence is rapidly accumulating in support of a prominent role for microRNA-21 (miR-21) in cancer. miR-21 is overexpressed in almost all types of cancer and has been shown to promote cancer cell proliferation, migration, and survival (1) (2) (3) . Yet little is currently known about the physiological functions of miR-21, even though it is expressed in many normal tissues.
In the normal adult liver, most miR-21 expression stems from hepatocytes (4) . While typically quiescent, adult hepatocytes have the ability to proliferate after liver tissue injury or loss (5, 6) . Recently, we and others found that hepatocyte proliferation after two-thirds partial hepatectomy (2/3 PH) is accompanied by increased expression of miR-21 in mice (4, 7) and rats (8) . miR-21 is the microRNA (miRNA) most significantly induced by 2/3 PH in mouse liver, and its expression rises and peaks as hepatocytes exit the G0 phase of the cell cycle and progress through the G1 phase (4, 7) . Furthermore, we previously reported that entry into S phase, which is normally precisely timed, is delayed in hepatocytes lacking all miRNAs (4) . These findings suggest that the surge in miR-21 expression occurring during liver regeneration functions to promote critical cell cycle events leading up to S phase.
To test this hypothesis, we investigated the effects of miR-21 deficiency on liver regeneration after 2/3 PH. Because miR-21 expression levels are high in the quiescent hepatocytes of the normal liver (4), we reasoned that complete miR-21 depletion by genetic deletion may disturb normal hepatocyte physiology, which may confound analyses of miR-21's role in cell cycle regulation. Therefore, we took an alternative approach and antagonized specifically the miR-21 surge induced by 2/3 PH in hepatocytes with a miR-21 antisense oligonucleotide (miR-21-ASO).
We found that timing the in vivo application of miR-21-ASO so that it antagonized the initial phase of induced miR-21 expression after 2/3 PH prevented cyclin D1 translation in hepatocytes, leading to impaired progression through G1 and into S phase. Our results show that miR-21 functions in normal liver regeneration to promote cyclin D1 translation by activating mechanistic target of rapamycin (mTOR) complex 1 (mTORC1), which relieves assembly of the eukaryotic translation initiation factor-4F (eIF-4F) complex from inhibition by eIF-4E-binding protein 1 (4E-BP1). This function of miR-21 entailed direct inhibition of the Ras homolog gene family member B (Rhob), which led to activation of thymoma viral proto-oncogene 1 (Akt1) and mTORC1 as its downstream mediator. Our findings suggest that induction of miR-21 expression in the early phase of liver regeneration functions to accelerate hepatocyte proliferation by facilitating cyclin D1 translation, a mechanism that may also be effective in other regenerative cell types and cancer cells.
Results miR-21-ASO is effective in timed and dosed antagonism of miR-21 in the regenerating liver. Cell cycle entry and progression of hepatocytes after 2/3 PH occur not only rapidly, but also in a synchronized and timed fashion (5, 6) . Most hepatocytes have entered S phase by 36 hours after 2/3 PH in adult male C57BL/6 mice (9) . Confirming our previous findings (4), 2/3 PH in such mice caused increased miR-21 expression that was detectable at 6 hours, peaked between 18 and 24 hours, and returned to almost normal levels by 36 hours after the surgery ( Figure 1A) . The timing of the miR-21 surge suggests that it plays a role in the regulation of cell cycle events preceding S phase, a hypothesis that is indirectly supported by our previous finding of delayed S phase entry after 2/3 PH in hepatocytes lacking all miRNAs (4) .
To determine whether and how miR-21 contributes to regulation of the early phase of liver regeneration, we performed 2/3 PH in mice incapable of increased miR-21 expression in hepatocytes. We reasoned that fully depleting miR-21 could prohibit unbiased analysis of miR-21's effect on hepatocyte proliferation, because miR-21 is expressed at high levels in quiescent hepatocytes and little is known about its role in cellular homeostasis (4) . Thus, we aimed to antagonize the miR-21 surge occurring in the liver after 2/3 PH while maintaining physiological miR-21 expression levels.
For this purpose, we generated a miR-21-ASO stabilized with locked nucleic acids (LNAs), similar to a miR-122-ASO that was recently reported to efficiently inhibit this highly abundant miRNA in hepatocytes in vivo (10, 11) . To establish timed and dosed miR-21 inhibition in vivo, we determined the onset, extent, and duration of changes in liver miR-21 expression after tail vein injection of the miR-21-ASO. A single dose of 25 μg/g body weight miR-21-ASO decreased liver miR-21 levels 4-fold by 6 hours after injection, suppression that increased with time and lasted for at least 36 hours (Supplemental Figure 1A ; supplemental material available online with this article; doi:10.1172/JCI46039DS1).
Given that miR-21-ASO inhibited miR-21 in the liver rapidly and progressively, we decided to inject it after 2/3 PH in order to antagonize the surge in miR-21 expression, but avoid complete knockdown of miR-21 during the early phase of liver regeneration. We aimed at suppressing miR-21 to uninduced levels at 18 hours after 2/3 PH, that is, at the peak of the rapid surge in miR-21 expression ( Figure 1A ). We reasoned that, due to increased portal vein flow, uptake of intravenously injected miR-21-ASO into hepatocytes after 2/3 PH could be even more efficient than uptake into hepatocytes in the normal liver. Therefore, we used a single dose of 25 μg/g body weight miR-21-ASO as in normal mice, but tested 2 injection time points, 6 and 10 hours after 2/3 PH ( Figure 1A ). However, we found that the levels of liver miR-21 suppression at 18 hours after 2/3 PH were indistinguishable between the 2 time points ( Figure 1B ). Residual miR-21 levels in livers of these mice were within 50% of that of control mice (injected with the carrier NaCl 0.9%), which resulted in normal liver function tests (data not shown). Considering that miR-21 is induced approximately 2-fold after 2/3 PH, this finding suggests an almost linear relationship between miR-21-ASO dose and miR-21 suppression in both regenerating and normal liver ( Figure 1B and Supplemental Figure 1A ). Importantly, we found that mRNA levels of B cell translocation gene 2 (Btg2), a known miR-21 target gene that is normally repressed at 18 hours after 2/3 PH (4), were derepressed in mice injected at either of the 2 time points ( Figure 1C ). These results establish that miR-21-ASO can be used to specifically antagonize the increased expression of miR-21 and its downstream effects in the regenerating liver.
Induced miR-21 expression is needed for cyclin D1 translation in the early phase of liver regeneration. Next, we analyzed the livers of the mice injected with miR-21-ASO for expression of cell cycle phase-specific markers by immunostaining ( Figure 2 , A and B). One of the earliest cell cycle events after 2/3 PH is induction of cyclin D1 expression by extracellular mitogenic signals (5, 6) . Cyclin D1 controls transition of hepatocytes through checkpoints in G1 phase. Subsequent sequential activation of cyclins E1, A2, and B1 allows hepatocytes to progress into late G1, S, G2, and M phase. As expected, many hepatocytes in control mice expressed cyclin D1, indicative of progress through G1 phase, at 18 hours after 2/3 PH. A small subset of the cells was already in late G1 or S phase, as evidenced by positive staining for Ki67 or proliferating cell nuclear antigen (PCNA), respectively. In contrast, cyclin D1, Ki67, and PCNA expression was rarely or not detectable in hepatocytes of mice injected with miR-21-ASO at 6 hours after 2/3 PH. This finding suggests that cyclin D1 expression and G1 phase transition of hepatocytes after 2/3 PH depend on induced miR-21 expression. However, when we analyzed miR-21-ASO-injected mice at 10 hours after 2/3 PH, we found that their hepatocytes stained normally for all 3 cell cycle markers ( Figure 2, A and B ). This finding was surprising because miR-21 levels were indistinguishable between livers of mice injected with miR-21-ASO at 10 versus 6 hours after 2/3 PH ( Figure 1B ). Considering that miR-21-ASO derepressed miR-21 target genes in hepatocytes by 8 hours after tail vein injection ( Figure 1C ), this finding reveals that the miR-21 surge promotes the expression of cyclin D1 before and around 14 hours after 2/3 PH, but is no longer needed by about 18 hours.
To confirm the discrepancy in cyclin D1 expression between mice injected with miR-21-ASO at 6 versus 10 hours after 2/3 PH, we analyzed their livers using immunoblotting and quantitative RT-PCR (qRT-PCR). In control mice, the induction of Ccnd1 mRNA after 2/3 PH mirrored that of miR-21, and Ccnd1 mRNA was rapidly translated into protein (Supplemental Figure 1B Figure 2C ). After treatment with miR-21-ASO, cyclin D1 protein levels were normal in mice injected at 10 hours after 2/3 PH, but low in mice injected at 6 hours after 2/3 PH ( Figure  2C ). Ccnd1 mRNA levels, however, were identical in livers of mice injected at the 2 time points ( Figure 2D ). The uncoupling of Ccnd1 mRNA and protein levels in mice injected with miR-21-ASO at 6 hours after 2/3 PH indicated that miR-21 either promotes the translation or prevents the degradation of cyclin D1.
The activity of the enzyme mainly responsible for degradation of cyclin D1, glycogen synthase kinase 3 β (Gsk3b), is inhibited by phosphorylation (12) . Because Gsk3b was expressed normally and did not show inhibitory phosphorylation in miR-21-ASO-injected mice at 18 hours after 2/3 PH (Supplemental Figure 2A) , we reasoned that the effect of miR-21 on cyclin D1 expression is due to promotion of translation. To test this hypothesis, we determined whether cyclin D1 translation is miR-21 dependent. First, we investigated whether altering the levels of miR-21 in Hepa1,6 mouse hepatoma cells affects cyclin D1 protein levels. For this purpose, we transfected the cells with miR-21-ASO or miR-21 mimic ( Figure 2 , B and C). We found that inhibiting miR-21 decreased cyclin D1 protein levels, whereas adding miR-21 increased them. Next, we performed polysome analysis to determine whether miR-21 acts on cyclin D1 translation (13) . We fractionated cytoplasmic lysates from Hepa1,6 cells
Figure 2
Inhibition of miR-21 decreases levels of cyclin D1 protein but not mRNA in hepatocytes after 2/3 PH. (A) Immunostainings showed that hepatocytes were normally quiescent but proliferated at 18 hours after 2/3 PH in control mice. Hepatocytes of mice injected with miR-21-ASO at 6 hours, but not at 10 hours, after 2/3 PH failed to express markers of progression through G1 (cyclin D1 and Ki67, brown) and into S (Ki67 and PCNA, brown) phase of the cell cycle. Original magnification, ×200. (B) Quantification of hepatocytes expressing markers of cell cycle progression. For each immunostaining, approximately 1,500 hepatocytes (250 per frame) were analyzed per time point and treatment. (C) Immunoblotting showed failure to increase cyclin D1 protein levels in livers of mice injected with miR-21-ASO at 6 hours, but not at 10 hours, after 2/3 PH. Numbers indicate protein levels relative to controls. Gapdh was analyzed as a loading control. (D) qRT-PCR showed that miR-21-ASO injection did not interfere with induction of liver Ccnd1 transcription after 2/3 PH. At least 3 mice were analyzed for each time point and treatment. No differences were observed between control mice injected with carrier at 6 versus 10 hours after 2/3 PH. Data represent mean ± SEM. *P < 0.05, **P < 0.01. transfected with miR-21-ASO and control cells by sucrose density gradient centrifugation and distinguished fractions containing no ribosomes (untranslated fractions), single ribosomes (monosomal fractions), or multiple associated ribosomes (polysomal fractions) ( Figure 3C and Supplemental Figure 2D ). Using qRT-PCR, we found that overall Ccnd1 mRNA levels in unfractionated RNA of Hepa1,6 cells were not altered by miR-21-ASO transfection (Supplemental Figure 2E ), which was in accordance with our findings in vivo ( Figure 2D ). However, Ccnd1 mRNA levels were decreased in RNA isolated from polysomal fractions of miR-21-depleted Hepa1,6 cells, which are most actively translated ( Figure 3D ). Viewed together, our results show that the miR-21 surge induced by 2/3 PH functions to facilitate translation of cyclin D1 in the early phase of liver regeneration.
Hepatocyte entry into S phase after 2/3 PH is delayed when promotion of cyclin D1 translation by miR-21 is absent. Considering that cyclin D1 initiates the cyclin activation cascade after 2/3 PH (5, 6), we next asked whether impaired cyclin D1 translation due to miR-21 inhibition limits the ability of hepatocytes to progress beyond the restriction point in late G1 and enter S phase. As expected, many hepatocytes in control mice continued to express cyclin D1 at 36 hours after 2/3 PH ( Figure 4 , A and B). Staining for Ki67 and PCNA both showed a large number of positive hepatocytes, indicating that many hepatocytes had not only progressed to late G1 but had already entered S phase in these mice. In contrast, Ki67 and PCNA staining showed significantly fewer hepatocytes in S phase in mice injected with miR-21-ASO at 6 hours after 2/3 PH than in control mice ( Figure 4 , A and B), which we confirmed by BrdU labeling (Supplemental Figure 3 , A and B).
In accordance with our findings at 18 hours after 2/3 PH, cyclin D1 protein levels were lower in miR-21-ASO-injected mice than in control mice ( Figure 4C and Figure 2C ). Ccnd1 mRNA levels remained equal ( Figure 4D and Figure 2D ), which showed that cyclin D1 translation was still impaired. To ascertain that decreased cyclin D1 levels were responsible for impaired S phase entry of hepatocytes in miR-21-ASO-injected mice after 2/3 PH, we directly inhibited cyclin D1 with a Ccnd1-ASO. Tail vein injection of Ccnd1-ASO at 6 hours after 2/3 PH markedly blunted the increase in cyclin D1 mRNA and protein levels normally observed at 36 hours after 2/3 PH (Supplemental Fig- To further ascertain that the hepatocyte cell cycle defect observed in miR-21-ASOinjected mice is due to miR-21 deficiency, and not toxicity caused by the ASO, we generated miR-21-MM-ASO, a control ASO that differs from miR-21-ASO in 4 mismatched base pairs. As was done with miR-21-ASO, we injected miR-21-MM-ASO into the tail vein of mice at 6 hours after 2/3 PH and analyzed their livers at 18 or 36 hours after the surgery. As expected, we found that the modification prohibited miR-21-MM-ASO from binding and inhibiting miR-21, as was evident from unaltered levels of miR-21 and its target genes (Supplemental Figure 5A ). Furthermore, injection of miR-21-MM-ASO did not alter cyclin D1 protein levels or hepatocyte cell cycle entry and progression during liver regeneration (Supplemental Figure 5 , B-F). These results rule out miR-21-unrelated effects as the cause of impaired cyclin D1 translation and cell cycle progression in hepatocytes of mice injected with miR-21-ASO.
Interestingly, we noted that the difference in liver cyclin D1 protein levels between control and miR-21-ASO-injected mice grew smaller with time after 2/3 PH ( Figure 4C and Figure 2C ), indicating that cyclin D1 translation was improving. Because miR-21 was still repressed and its target genes derepressed (Supplemental Figure 3 , C and D), the finding suggested that increased miR-21 levels were no longer essential for translation of cyclin D1 at 36 hours after 2/3 PH. To investigate the possibility that impaired S phase entry was eventually compensated for in miR-21-ASOinjected mice, we analyzed mice at later time points after 2/3 PH. We found that the number of BrdU-labeled hepatocytes was similar between miR-21-ASO-injected and control mice at 72 hours . Untranslated fractions, containing 40S or 60S ribosomal subunits, were eluted first, followed by monosomal fractions containing 80S single intact ribosomes and polysomal fractions containing multiple associated ribosomes. Absorbance readings at 254 nm were automatically converted into potential values, which were plotted against the eluted fractions. (D) qRT-PCR showed that Ccnd1 mRNA levels in RNA isolated from the actively translated polysomal fractions were lower in miR-21-ASO-transfected cells than in control cells. Relative levels of Ccnd1 mRNA in fractions were determined by normalization to Gapdh. These values were further normalized to Ccnd1 mRNA levels in unfractionated samples to account for potential differences in starting cell numbers. Data represent mean ± SEM. *P < 0.05. after 2/3 PH (Supplemental Figure 6 , A and B). Moreover, both groups showed the same number of hepatocytes staining positive for phosphorylated histone H3, a marker of mitosis (Supplemental Figure 6 , A and C). In miR-21-ASO-injected mice, miR-21 continued to be inhibited, although its levels had increased 2-fold compared with 36 hours after 2/3 PH (Supplemental Figure 6D ). These findings indicated that miR-21-depleted hepatocytes had overcome the G1 phase arrest and transitioned through S and into M phase. Moreover, normal levels of mitosis at 72 hours after 2/3 PH suggested that hepatocytes in miR-21-ASO-injected mice had compensated for the delay in S phase entry. This interpretation was supported by the finding that the extent of liver mass restoration was similar between miR-21-ASO-injected and control mice at this time point (Supplemental Figure 6E) . Indeed, at 192 hours after 2/3 PH, when normal liver regeneration is complete, miR-21-ASO-injected mice had the same ratio of liver to body weight as control mice (Supplemental Figure 7A ). In addition, hepatocytes in miR-21-ASO-injected mice had returned to normal quiescence and expressed almost normal levels of miR-21 by that time (Supplemental Figure 7 , B-D).
In findings similar to ours, a previous study reported delayed, but not permanently blocked, S phase entry in Ccnd1 -/mice after hepatomitogen application (14) . The study suggested that overexpression of cyclin E can compensate for the lack of cyclin D1 and facilitate cell cycle progression. Thus, we decided to determine the expression levels of cyclins downstream of cyclin D1 in livers of miR-21-ASO-injected mice after 2/3 PH. We found that Ccne1 was 8-fold higher in miR-21-ASO-injected mice than in control mice at 18 hours after 2/3 PH and continued to be overexpressed until 72 hours (Supplemental Figure 8A ). Ccna2 and Ccnb1 were also overexpressed in miR-21-ASO-injected mice, most likely as a consequence of Ccne1 overexpression (Supplemental Figure 8 , B and C). These results suggest that cyclin E1 overexpression, potentially aided by emerging translation of cyclin D1, can overcome the G1 phase arrest in miR-21-depleted hepatocytes.
miR-21 suppresses Rhob in the regenerating liver. Next, we sought to identify the mechanism of how miR-21 facilitates cyclin D1 translation in the early phase of liver regeneration. Few instances have been reported in which a miRNA directly enhances the translation of a target gene (15, 16) . Because we failed to detect the necessary miR-21 binding sites in the message of Ccnd1 (data not shown), we reasoned that miR-21 promotes cyclin D1 translation indirectly by targeting a cell cycle inhibitor. Thus, we used gene ontology analysis (17) to identify candidate genes that negatively regulate the cell cycle among 63 genes previously predicted to be highly probable targets of miR-21 (Table 1 and ref. 4).
One of the candidate genes, programmed cell death protein 4 (Pdcd4), is an established target of miR-21 in cancer cells (18) . We found that miR-21 also targeted Pdcd4 in normal liver, as was evident from increased Pdcd4 mRNA levels in livers of mice at 6 hours after tail vein injection of miR-21-ASO (Supplemental Figure 9A) . Moreover, we found that the surge in miR-21 expression induced by 2/3 PH in normal mice was associated with a decrease in Pdcd4 mRNA levels (Supplemental Figure 9B ). However, Pdcd4 protein levels were increased at 6 hours after 2/3 PH and only moderately decreased at 18 hours after 2/3 PH (Supplemental Figure 9C ), which suggests that Pdcd4 is not effectively suppressed by miR-21 in the regenerating normal liver. Because of this result and, more importantly, previous findings that Pdcd4 overexpression does not affect cyclin D1 mRNA or protein levels (19) , we reasoned that Pdcd4 derepression is not the cause of impaired cyclin D1 translation in hepatocytes of miR-21-ASO-injected mice. Therefore, we focused our investigations on Rhob, the candidate gene with the highest probability of targeting by miR-21 (Table 1) . Rhob is a GTPase that functions as a tumor suppressor by inhibiting cancer cell proliferation, migration, and survival (20) . We found that both Rhob mRNA and protein levels were inversely correlated with the expression of miR-21 after 2/3 PH ( Figure 5, A and B) . Bioinformatic analysis revealed that the 3′ untranslated region (UTR) of Rhob contains a highly probable miR-21 binding site that is conserved in mammalian species ( Figure 5C ). In support of this prediction, we found that tail vein injection of miR-21-ASO into mice caused increased Rhob mRNA levels in the liver 6 hours later ( Figure 5D ). To prove that the inverse correlation between miR-21 and Rhob expression in vivo was due to direct interaction, we investigated whether miR-21 targets Rhob in Hepa1,6 cells in vitro ( Figure 5 , E-H). Indeed, we found that Rhob mRNA levels and the activity of a luciferase reporter gene linked to the 3′ UTR of mouse Rhob decreased or increased in response to transfection of miR-21 mimic or inhibitor, respectively. Moreover, we found that the Rhob 3′ UTR sequence complimentary to the miR-21 seed sequence was essential for targeting by miR-21. The conservation of Rhob targeting by miR-21 is further supported by a recent study showing that miR-21 promotes the defining features of the metastatic phenotype, migration, elon-gation, and invasion, by inhibiting the human gene in a breast cancer cell line (21) . Viewed together, our findings suggest that Rhob is directly suppressed by the surge in miR-21 expression occurring in the early phase of liver regeneration.
Rhob inhibits cyclin D1 translation by preventing Akt1mediated activation of mTORC1. Next, we investigated whether Rhob inhibition is responsible for miR-21's effect on cyclin D1 translation. Although Rhob had not been implicated in the regulation of cyclin D1 expression, several lines of evidence suggested this possibility. First, Rhob inhibits activating phosphorylation of Akt1 (22, 23) . Then, activated Akt1 regulates cyclin D1 expression through mTORC1 (24, 25) . Finally, mTORC1 promotes assembly of the eIF-4F complex, which mediates translation initiation of genes like Ccnd1 (24, 26) . In fact, mTORC1 has been shown to be needed for eIF-4F assembly and cyclin D1 translation in hepatocytes after 2/3 PH (27, 28) . Further considering that Akt1 activation is critical for the early phase of liver regeneration (29), we hypothesized that miR-21 facilitates rapid cyclin D1 translation in liver regeneration by relieving Akt1, and thus mTORC1, from inhibition by Rhob. To test this hypothesis, we overexpressed Rhob by transient plasmid transfection in Hepa1,6 cells that normally express Rhob at low levels ( Figure 6A and Supplemental Figure  10A ). We used immunoblotting to determine the effects on cyclin D1 and Akt1. Moreover, as a readout for mTORC1-mediated activation of eIF-4F-dependent translation initiation, we measured phosphorylation of 4E-BP1. mTORC1 initiates 4E-BP1 phosphorylation, which disables its ability to bind and inhibit eIF-4E and thus facilitates eIF-4F complex assembly (24, 26) .
We found that overexpression of Rhob decreased cyclin D1 protein levels and levels of Akt1 activated by phosphorylation ( Figure 6A ). Moreover, as evidence for impaired mTORC1 activity, we found decreased inhibitory phosphorylation of 4E-BP1. In accordance with the hypothesized mechanism, Rhob overexpression decreased cyclin D1 protein but not Ccnd1 mRNA levels (Supplemental Figure 10B ). To confirm these results, we transfected Hepa1,6 cells with both the plasmid overexpressing Rhob and a plasmid expressing shRNA inhibiting Rhob. This resulted in decreased Rhob mRNA and protein levels, which caused increased levels of cyclin D1 protein and activated Akt1 ( Figure 6B and Supplemental Figure 10C ). As expected, phosphorylation of 4E-BP1 was increased in response to Akt1 activation. Moreover, Ccnd1 mRNA levels were not altered and thus dissociated from cyclin D1 protein levels (Supplemental Figure 10D) . Rhob overexpression or knockdown similarly inhibited or activated another target of mTORC1, S6 kinase 1 (Supplemental Figure 10, E and F) . These results reveal that Rhob inhibits eIF-4F-mediated initiation of cyclin D1 translation by preventing activation of Akt1 and its downstream mediator, mTORC1. miR-21 promotes cyclin D1 translation and cell cycle progression in early liver regeneration by suppressing Rhob. To further confirm that miR-21's ability to promote cyclin D1 translation was mediated by Rhob, we inhibited both miR-21 and Rhob in Hepa1,6 cells and examined cyclin D1 protein levels. We found that the decreased cyclin D1 protein levels present in cells transfected with miR-21-ASO alone normalized after additional Rhob knockdown ( Figure  6C and Supplemental Figure 10G ), which establishes Rhob as the critical target of miR-21 in promoting cyclin D1 translation. As Programmed cell death protein 4 NM_177687
Crebl2 cAMP-responsive element-binding protein-like 2 NM_009741
Bcl2 B cell leukemia/lymphoma 2 63 target genes of miR-21 predicted by both the TargetScan and the PicTar algorithm (4) were functionally categorized using g:Profiler gene ontology analysis (17) . The 6 genes in the category "negative regulators of the cell cycle" are shown. Genes are listed in order of decreasing probability of targeting by miR-21.
expected, miR-21 knockdown also impaired Akt1/mTORC1 activity, whereas additional Rhob knockdown restored normal levels.
We also analyzed the cell cycle phase distribution of these cells to determine whether promotion of cyclin D1 translation by Rhob inhibition is indeed the mechanism by which miR-21 faciliates rapid progression through the G1 phase of the cell cycle ( Figure  6D ). We found that miR-21 knockdown impaired G1 phase exit and S phase entry, and that additional Rhob knockdown restored normal cell cycle progression, which confirms Rhob as the critical target of miR-21 in promotion of G1 phase progression. Finally, we determined whether miR-21 prevents Rhob from inhibiting Akt1/mTORC1 signaling and thus cyclin D1 translation in early liver regeneration. Our initial analyses showed that miR-21-ASO injection at 6 hours after 2/3 PH impaired expression of cyclin D1 in the liver at 18 and 36 hours after 2/3 PH (Figure 2 , A-C, and Figure 4 , A-C). When we repeated this experiment, we found that 2/3 PH suppressed Rhob, activated Akt1, inhibited 4E-BP1, and induced cyclin D1 in control mice injected with carrier or miR-21-MM-ASO 6 hours after 2/3 PH, but not in mice injected with miR-21-ASO ( Figure 6 , E and F, and Supplemental Figure  10H ). To ascertain that miR-21 regulates Akt1/mTORC1 signaling in liver regeneration through Rhob, we analyzed the expression of phosphatase and tensin homolog (PTEN) because inhibition of PTEN by miR-21 was previously shown to cause Akt1 activation in cancer cells (30, 31) . We found that miR-21 targeted PTEN in normal liver, as was evident from increased Pten mRNA levels at 6 hours after tail vein injection of miR-21-ASO into mice (Supplemental Figure 11A ). However, we also found that PTEN mRNA and protein levels markedly increased in the liver after 2/3 PH in normal mice (Supplemental Figure 11, B and C), which shows that the miR-21 surge induced by 2/3 PH does not effectively antagonize the expression of PTEN in early liver regeneration. In addition, the finding revealed that accumulation of PTEN does not prevent Akt1 activation in liver regeneration. Viewed together, our results exclude suppression of PTEN by miR-21 as the reason for Akt1 and mTORC1 activation in liver regeneration and confirm our hypothesis that miR-21 facilitates rapid translation of cyclin D1 by relieving Akt1 and its mediator, mTORC1, from inhibition by Rhob (Figure 7 ).
Discussion
Previously, we and others observed a surge in miR-21 expression in G1 phase in hepatocytes after 2/3 PH (4, 7, 8). Here, we investigated the function of induced miR-21 expression in liver regeneration by specifically antagonizing the miR-21 surge, but not baseline miR-21 expression, with miR-21-ASO, a short LNA-stabilized antisense oligonucleotide inhibitor of miR-21. This partial knockdown strategy revealed that increased miR-21 expression facilitates cyclin D1 translation in early liver regeneration. Cyclin D1 translation is mediated by the eIF-4F translation initiation complex, which is activated by Akt1/mTORC1 signaling (24, 26) . Our results showed that miR-21 activates Akt1/mTORC1-mediated cyclin D1 translation by inhibiting Rhob. While Rhob has been shown to inhibit Akt1 (22, 23) , to our knowledge, it was not previously known that this effect of Rhob results in inhibition of cyclin D1 translation.
Our results further showed that promotion of cyclin D1 translation by miR-21 is important for rapid G1 phase progression and S phase entry of hepatocytes after 2/3 PH. In mice in which the miR-21 surge was antagonized by miR-21-ASO, the number of hepatocytes in S phase at 36 hours after 2/3 PH was markedly reduced compared with controls. However, hepatocyte cell cycle progression was not permanently blocked in miR-21-ASO-injected mice, and the cells eventually entered S phase and restored the lost liver mass. Impaired hepatocyte proliferation, particularly if it is caused by single gene deficiencies, is typically compensated for in liver regeneration. Compensation is the result of redundant signaling pathways providing the missing function, which leads to delayed rather than failed liver mass restoration (32) . A previous study suggested that overexpression of cyclin E can compensate for lack of cyclin D1 in Ccnd1 -/mice, thereby facilitating normal hepatocyte proliferation (14) . In accordance with this result, we found that cyclin E1 and downstream cyclins involved in liver regeneration were overexpressed as early as 18 hours after 2/3 PH, when cyclin D1 protein deficiency was most prominent in miR-21-depleted hepatocytes. In addition, we observed that cyclin D1 translation was slowly improving between 18 and 36 hours after 2/3 PH. Because miR-21 was still depleted at 36 hours after 2/3 PH, the finding suggests miR-21-independent cyclin D1 translation as another mechanism that helps rescue liver regeneration in miR-21-ASO-injected mice.
Our finding that miR-21 promoted cyclin D1 translation in liver regeneration by activating Akt1/mTORC1 prompted us to investigate whether PTEN, a miR-21 target known to inhibit Akt1 (30, 31) , is also involved in this process. After performing 2/3 PH on normal mice, we found that PTEN protein accumulated during G1 phase despite the surge in miR-21 expression induced by 2/3 PH. The finding revealed that accumulation of PTEN does not prevent Akt1 activation in normal liver regeneration. Moreover, the finding showed that suppression of PTEN by miR-21 is not involved in Akt1 activation and thus cyclin D1 translation in early liver regeneration. Nevertheless, miR-21's previously reported ability to activate Akt1 by inhibiting PTEN in cancer cells (30, 31) , taken together with our present results, suggests the intriguing possibility that miR-21 acts as a central regulator of Akt1/mTORC1 signaling in other contexts.
Because miRNAs can target many genes, the function of miR-21 in liver regeneration is likely not limited to promotion of cyclin D1
Figure 7
Proposed mechanism by which miR-21 promotes cyclin D1 translation in liver regeneration. By directly inhibiting Rhob expression, miR-21 facilitates Akt1-mediated activation of mTORC1, which promotes cyclin D1 translation initiation. This effect of mTORC1 involves phosphorylation of 4E-BP1, which disables its inhibitory binding of eIF-4E and allows assembly of the eIF-4F complex that additionally contains eIF-4G and eIF-4A (22, 24, 25) .
Figure 6
miR-21 promotes cyclin D1 translation in liver regeneration by relieving Akt1-mediated activation of mTORC1 from suppression by Rhob. (A) Immunoblotting showed that Rhob overexpression (OE) plasmid transfection into Hepa1,6 cells decreased levels of cyclin D1, Akt1 activated by phosphorylation at Ser473 (pAkt1), and 4E-BP1 inhibited by phosphorylation at Thr37 and/or Thr46 (p4E-BP1). Cells transfected with empty overexpression plasmid were used as control. (B) Additional Rhob knockdown (KD) with a shRNA plasmid increased cyclin D1, pAkt1, and p4E-BP1 levels. (C) Immunoblotting showed that miR-21-ASO transfection into Hepa1,6 cells increased Rhob and decreased cyclin D1, pAkt1, and p4E-BP1 levels. Additional Rhob knockdown with siRNA restored cyclin D1, pAkt1, and p4E-BP1 levels. Figure 12D) . Carrier, miR-21-MM-ASO, or miR-21-ASO was injected at 6 hours after 2/3 PH. Gapdh was analyzed as a loading control. Data represent mean ± SEM. *P < 0.05.
translation. In fact, we and others have previously identified Btg2 and Pellino 1, which are regulators of FoxM1b and NF-κB activity, respectively, as targets of miR-21 during liver regeneration after 2/3 PH (4, 7). In addition, our present results suggest that Pdcd4 is moderately suppressed at 18 hours after 2/3 PH, and it is possible that in the future, other miR-21 targets will be identified as playing a role in liver regeneration.
However, our finding that the hepatocyte cell cycle defect in miR-21-ASO-injected mice phenocopied that of mice in which cyclin D1 was suppressed with Ccnd1-ASO suggests that miR-21's effect on hepatocyte cell cycle progression in early liver regeneration is mainly mediated by cyclin D1. Importantly, derepression of Btg2, Pellino 1, or Pdcd4 cannot explain the lack of cyclin D1 expression in hepatocytes of miR-21-ASO-injected mice. Hepatocyte-specific deficiency of the Btg2 target FoxM1b leads to impaired activity of cyclin-dependent kinase complexes involving cyclin E1, A2, and B1, but not D1, after 2/3 PH in mice (33) . Moreover, Btg2 overexpression in human hepatoma cells decreases mRNA and protein levels of cyclin B1, but not cyclin D1 (34) . Similarly, Pdcd4 overexpression fails to suppress cyclin D1 mRNA or protein levels (19) . Because Pellino 1 activates NF-κB signaling (35) , its derepression in hepatocytes of miR-21-ASO-injected mice would be expected to accelerate, not delay, cell cycle progression (32) . Thus, the evidence points to Rhob as the critical target of miR-21 in promotion of Akt1/mTORC1-mediated cyclin D1 translation and cell cycle progression of hepatocytes in early liver regeneration.
Our finding that miR-21-ASO can be used to partially inhibit miR-21 and derepress its target genes within 8 hours of intravenous injection has important implications. First, it highlights a method of miRNA inhibition in hepatocytes that avoids unspecific changes due to compensation or adaptation, which can mask or confound the phenotype caused by deficiency of the miRNA. Compensation of impaired hepatocyte proliferation by redundant signaling pathways occurs not instantaneously, but typically within a day after 2/3 PH (32). The rapid onset of miR-21 inhibition by miR-21-ASO limits the time available for activation of redundant pathways and may therefore be more effective than genetic deletion for studies of liver regeneration. In addition, limiting the extent of miRNA inhibition in hepatocytes may help to maintain homeostasis and avoid secondary changes and adaptation. Second, our study showed that the rapid onset of miR-21-ASO's effect allows the dynamic processes that occur during liver regeneration to be dissected: miR-21 and Ccnd1 expression are concomitantly induced after 2/3 PH, and our results revealed that promotion of cyclin D1 translation is critical for the early phase of liver regeneration, when Ccnd1 mRNA levels are still low, but not for later phases. Finally, our results raise the possibility of using oligonucleotide mimics of miR-21 for therapy of liver failure. Provided that miR-21 mimics enter hepatocytes and exert their function as quickly as miR-21-ASO, they may be effective in accelerating progression of hepatocytes through G1 and into S phase, which is critical for survival from liver injury (36) .
In conclusion, our results revealed that the increased expression of miR-21 during liver regeneration functions to kick-start cyclin D1 translation in hepatocytes. This effect of miR-21 was mediated by a mechanism that integrated inhibition of Rhob by miR-21 with a function of Rhob that we believe to be previously unrecognized, the suppression of eIF-4F-mediated translation initiation through suppression of Akt1/mTORC1 signaling. Our results, together with miR-21's ability to activate Akt1 by inhibit-ing PTEN (30, 31) , suggest miR-21 as a key regulator of mTORC1. Moreover, our finding that miR-21 derepressed eIF-4F, which mediates the rate-limiting ribosomal binding step of translation initiation, revealed its profound impact on cell proliferation. In liver regeneration, acceleration of cyclin D1 translation by miR-21 facilitated rapid progression of hepatocytes through G1 and into S phase. This effect of miR-21 may also be involved in the rapid proliferation of other regenerative cell types and cancer cells.
Methods miR-21-ASO and miR-21-MM-ASO generation. Both oligonucleotides were produced by Exiqon. To prevent toxicity and facilitate efficient cellular uptake, a short (<16 mer) design was chosen. Both oligonucleotides had a fully phosphorothioate-modified backbone. The sequence of miR-21-ASO is TCAGTCTGATAAGCT. High target affinity was ensured by LNA modifications. miR-21-MM-ASO is identical to miR-21-ASO except for 4 base pair changes that prevented binding to miR-21; its sequence is TCAGTATTAGCAGCT. Both oligonucleotides were purified by reversephase high-performance liquid chromatography and lyophilized.
miR-21-ASO and miR-21-MM-ASO intravenous injection. Lyophilized oligonucleotide was resuspended in NaCl 0.9% to a final concentration of 30 μg/μl. A dose of 25 μg/g body weight oligonucleotide in a total volume of 100 μl NaCl 0.9% was injected via the tail vein into 8- to 12-week-old male C57BL/6 mice (Jackson Laboratory). Control mice were injected with 100 μl NaCl 0.9% (carrier).
2/3 PH. Two-thirds of the liver was surgically removed under isoflurane anesthesia as previously described (37) .
qRT-PCR. Total RNA was isolated with the miRNAeasy kit (Qiagen) and treated with DNase I (Ambion) to eliminate genomic DNA. Superscript III reverse transcription reagent (Invitrogen) was used to generate cDNA using 1 μg total RNA. PCR amplification was performed as previously described (4) . Primers for qRT-PCR were designed using Beacon Designer (Premier Biosoft). miRNA isolation, amplification, and analysis were performed as previously described, including normalization to sno202RNA (4) . Relative changes in mRNA and miRNA expression were determined using the 2 -ΔΔCt method (38) .
Immunostaining. Paraffin-embedded liver samples were sectioned and stained with the antibodies rabbit anti-cyclin D1 (NeoMarkers), mouse anti-PCNA (Biosource), and rabbit anti-Ki67 (Lab Vision) at 1:100 dilutions. Immunostainings of sections of frozen liver samples embedded in optimum cutting temperature compound (Tissue-Tek; Sakura Finetek) were performed with rabbit anti-Rhob (Santa Cruz Biotechnology), rabbit anti-Akt1 phosphorylated at Ser473 (Cell Signaling), rabbit anti-4E-BP1 phosphorylated at Thr37 and/or Thr46 (Cell Signaling), and rabbit anticyclin D1 (Neomarkers) antibodies at 1:100 dilutions. For fluorescence microscopy, the secondary antibody goat anti-rabbit conjugated with Alexa Fluor 594 (Invitrogen) was used at 1:500 dilution. Nuclear DNA was stained with 300 nM DAPI (Millipore).
Immunoblotting. Liver samples were immediately frozen in liquid nitrogen and homogenized in 20 mM Tris buffer, pH 7.4, containing 150 mM NaCl, 1% Triton X-100, 10 mM EDTA, and Complete Protease Inhibitor Cocktail (Roche Applied Science). After homogenization, tissue extracts were centrifuged at 14,000 g at 4°C, and supernatants were collected. Protein concentration was measured using the Bradford assay (Biorad). 50 μg protein per well was loaded on 13% sodium dodecyl sulfate-polyacrylamide gels. After electrophoresis, gels were electrotransferred onto polyvinylidene fluoride membranes (Biorad). Membranes were blocked with 5% BSA in Tris-buffered saline with 0.1% Tween 20 (Sigma-Aldrich; TBST) and incubated with primary antibodies in 5% BSA in TBST. In addition to the antibodies listed above, rabbit anti-Rhob (Cell Signaling),
